Experimental data is presented and discussed on the efEeets of temperature, K and Na concentration, and quinidine on transmembrane ion fluxes and the incidence of fibrillation in isolated rabbit atria.
A TRIAL fibrillation can be induced in vivo and in vitro by stimulating at a high frequency in the presence of acetylcholine (ACh) . J| 2 Earlier there was evidence that ACH acted by virtue of its ability to cause a loss of potassium from the myocardium. 2 Later studies revealed that fibrillation was accompanied by a rate of loss of K in excess of 2.0 to 2.5 mM/Kg. tissue/min. 3 This rate was 2 to 3 times that of the spontaneously beating preparation, and at least 50 per cent greater than the combined effects of stimulation and ACh alone. Studies 4 using K 42 revealed that the loss was primarily a result of an increase in efflux above a critical value (6.8 to 9.2 pinoles cm." 2 sec. ~1). An apparent decrease in influx was observed also, but this change was believed to be a result of a wash out of cellular K that occurs under the conditions of the experiment.
Of the numerous factors reducing the incidence of fibrillation, a decrease of temperature, a decrease of extracellular Na content, an increase of extracellular K content, and the presence of quinidine are of paramount importance. It is possible that these conditions block fibrillation by preventing a loss of K either by depressing efflux, increasing influx or by having differential effects on From both. In the present communication observations on the influence of temperature, Na, K, and quinidine on transmembrane flux of K 42 and the incidence of fibrillation are presented and discussed.
METHODS
Atria were dissected from rabbits •weighing 1 to 2 Kg. and mounted at one end to a platinnxniridium electrode with the other end tied to a lever under tension as previously described.* Various modifications of Ringer's solution were used to bathe the tissue. Transmembrane flux experiments were routinely performed in Ringer's solution containing ^4 the normal K concentration and Ys the normal Ca concentration. In earlier studies this medium had been found to be suitable for induction of atrial fibrillation when supplemented with acetylcholine (8 X 10"' Gm./inl.) and followed by a brief electric stimulus (usually for 1 min. at a frequency of 1,200/min.). In some experiments the K concentration varied from 1.35 to 10.8 mEq./L. and temperatures of 14, 19, 24 and 29 C. were tested in others. Temperature changes during a single experiment were accomplished In 15 to 30 sec. Most experiments were performed at 29 to 30 C. as at this temperature atria will continue to function properly for as long as 72 hours. At higher temperatures the preparations deteriorate rapidly. In experiments where the Ma concentration was varied between 0 to 154 m l , isotonicity was maintained by the addition of sucrose.
Influx of radioisotopes was determined by following the disappearance of radioactivity from a radioactive suspending medium. Efflux of radioisotopes was determined on atria previously loaded with isotope by following the appearance of radioactivity in a nonradioaetive Ringer's solution. The absolute fluxes of ions were calculated according to the method previously described.* In the present study absolute influxes are not presented as specific activities were not determined in the tissue itself. 
RESULTS

Influence of Temperature on K Fluxes and
Incidence of Fibrillation K Efflux. In these studies atria were incubated 2 to 4 hours in K 42 C1 Ringer's solution in order to load the preparations with isotope. At the end of this time the temperature of the bath was changed to the desired level, and the suspending medium was replaced by nonradioactive Ringer's solution containing % K and % Ca. Efflux was determined by changing the fluid at intervals and counting evaporated samples. After an initial fast component the rate of efflux declined exponentially. In presenting the data, the fast component has been omitted. Figure 1 summarizes experiments in which the rate in efflux was studied at several different temperatures. Changes induced by ACh aud ACh plus a brief period of stimulation are also presented. It is evident that decreasing the temperature decreases the rate of K efflux (control curve). Qi 0 values estimated from the data ranged from 2.5 to 2.6.
Both ACh and ACh plus stimulation increased the rate of efflux over the temperature range employed. The latter procedure was more effective in this respect. At temperatures above 24 C, all preparations fibrillated when excited in the presence of ACh. The augmented rate of efflux induced by ACh increased from a value of 41 per cent at 29 C. to 127 per cent at 14 C. A similar increase was observed (173 to 202 per cent) in the experiments using ACh plus stimulation. However, the absolute flux changes decreased with a fall in temperature in both cases. Q ]0 values for the effect of ACh alone ranged from 1.2 to 1.4; those for ACh plus stimulation ranged from 2.4 to 2.6. It was shown earlier that the increased rate of efflux caused by ACh and stimulation together was considerably greater than could be accounted for by the combined effects of ACh and stimulation alone.
Several typical experiments are presented in figure 2. Figure 2A illustrates an experiment carried out at 14 C. At this temperature all visible atrial activity ceased. The addition of ACh to the medium, followed by a brief period of stimulation increased the absolute efflux from 0.87 to 2.61 pmoles cm." 2 sec." 1 at the peak in 3 min. The preparation did not respond to excitation, nor was fibrillation observed. On the other hand, a slow spontaneous beat appeared approximately 10 7iiin. after cessation of stimulation and continued for at least 20 min. after ACh was washed out. This sequence of events was observed in all experiments at this temperature. The "cusp" on the dowastroke of the efflux curve is the point at which the preparation began to beat, and it is accompanied by a transitory increase in the rate of efflux. Similar results were obtained at 19 C. ( fig. 25 ), where the absolute efflux rose from 1.05 to 3.00 pmole cm." 2 sec." 1 Most of the prepara- Fio. 4 Bottom. Absolute K " efflux (pinole cm." 3 sec." 1 ) as a function of extracellular K concentration at 29 to 30 C ; oar, area of fibrillation. tions continued to beat spontaneously at this temperature. The spontaneous beating did cease briefly upon addition of ACh.
In figure 2C an experiment is presented in which the bath temperature was lowered initially to 14 C. Fifty minutes later ACh was added and the preparation was stimulated. Fibrillation was not observed. The absolute flux increased from the control level of 0.87 to 2.50 pmoles cnr 2 sec." 1 after 3 min. After 3 min. the temperature was rapidly raised to 29 C. without fibrillation appearing. This was accompanied by a further increase in absolute efflux to 3.2 pmoles cm.--seer 1 at its peak. ACh was then washed out. After sufficient counts had been made to establish a new rate of efflux, ACh was added a second time and the atria were stimulated. Upon cessation of stimulation a persistent fibrillation resulted. The absolute rate of efflux increased from the new control level of 6.0 to approximately 18.0 pmoles cm.-2 sec.-1 after 3 min. of fibrillation.
K Influx. These studies were less comprehensive than those for efflux. However, it can be seen from figure 3 that influx varies with temperature in a manner similar to efflux (Q 10 values ranged from 1.9 to 2.2). It was shown earlier 4 that after a transitory increase in influx, both ACh and fibrillation caused a profound decrease in the rate of influx (80 to 100 per cent). This latter change was interpreted as due to a washout of cell K and not due to an actual decrease in influx. At lower temperatures this decrease in influx is considerably reduced (50 to 60 per cent depression at 19 C ) .
Effects of Extracellular K Concentration on K Fluxes and Incidence of Fibrillation K Efflux.
The optimal conditions to induce fibrillation by the present method are to stimulate atria suspended in Ringer's solution of low K content and in the presence of ACh. If the K concentration exceeds 2.7 mEq./L. fibrillation cannot be induced. From figure 4 it can be seen that variations in the extracellular K concentration over the range of 1.35 to 10.8 mEq./L. have no significant effect on resting K efflux. Furthermore, concentration changes do not modify the increased rate of efflux induced by ACh. However, the additional increase observed when atria are stimulated in the presence of ACh is completely blocked at Iv concentrations greater than 5.4 mEq./L. effects on influx are at least equal to or greater thau those on efflux ( fig. 4 ). No significant distinction could be made between the effects of ACh or ACh plus stimulation on influx. Earlier studies have shown that at high extracellular K concentrations ACh, instead of causing a loss of K from atria, actually causes an uptake of the cation. 5 Figure 7 summarizes studies on the effects of Na concentrations between 0 and 154 mM on K efflux and incidence of fibrillation. A decrease of Na has little or no effect on resting efflux until the concentration falls below 30 to 35 mM; when a decrease in flux is observed. The increase induced by ACh or a brief period of stimulation (1 min.) is hardly affected. On the other hand, the changes induced by stimulating briefly in the presence of ACh were considerably reduced when the concentration fell below 77 mM. With Na concentrations below 34 mM, persistent fibrillation was not observed.
Effects of Extracellular Na Concentration on K Fluxes and Incidence of Fibrillation
Effects of Quinidine. Quantitative studies have revealed that the rate of K efflux at the end of 20 miu. was decreased 40 to 50 per cent by quinidine. Upon washing out the quinidine, the flux returned to that of the control within 20 to 40 min. From figure  8 it also can be seen that quinidine in concentrations which depress efflux (40 to 50 per cent) increase influx by 15 to 30 per cent. Furthermore, in sufficiently high concentration quinidine completely reverses the effects of ACh and stimulation on K efflux. Similar effects were observed with atropine.* Na 24 Fluxes. Attempts have been made to studj r the effects of the above procedures on Na 24 fluxes. The present technic has proven to be unsatisfactory for such investigation. The large extracellular Na concentrations made it difficult to clearly distinguish between the exchange of intra and extracellular Na. However, a number of observations have been made. The data indicates that changes in K flux are accompanied by corresponding changes in Na flux, but the latter are opposite in direction.
DISCUSSION
Quantitative studies have revealed that the onset of atrial fibrillation induced by stimulating in the presence of acetylcholine is accompanied by a net loss of K at a rate in excess of 2.0 to 2.5 mM/Kg. wet tissue/min. 3 This rate of loss was 2 to 3 times that observed for spontaneously beating preparations and at least 50 per cent greater than the combined effect of ACh and stimulation alone. The net loss of K appeared to result primarily from an increased efflux of the cation under the conditions of the experiments. At the end of 30 sec. fibrillation, the absolute efflux had increased from a resting value of 3.2 to 9.2 pmoles cm." 2 sec." 1 Within 20 to 30 min., the efflux rate returned to that of the control even though fibrillation continued. 4 Further study revealed that both the efflux and influx of Na were increased to a greater extent than K efflux. However, the uncertainty of intracellular Na concentration prevented a quantitative comparison.
These findings lead to the working hypothesis that flutter or fibrillation only begins at a time when the rate of loss of K and gain of Na exceeds a critical one.
In the present study the effects of conditions known to prevent or decrease the incidence of fibrillation were studied with the hope of gaining insight into the mechanism involved. Such factors as a decrease of temperature, a decrease in extracellular Na concentration, an increase in extracellular K concentration and the presence of quinidine were investigated. The consistent finding was that fibrillation induced by stimulating in the presence of ACh was never observed without a concomitant increase in K efflux above a critical rate. This rate obtained from the data ranged between 6.5 and 7.0 pmoles cm." 2 sec." 1 The value is twice that of the spontaneously beating preparation. Fibrillation and the accompanying permeability change were not observed if the temperature of the suspending medium was less than 23 C., the Na concentration less than 34 mM, the K concentration above 2.7 mM or if quinidine was added. Thus, it is quite possible that these conditions are effective in blocking fibrillation by their ability to prevent the establishment of a critical transmembrane flux of K and Na.
It must be emphasized that the data presented does not establish whether the permeability change is the cause or the result of the initiation of the arrhythmia. The earlier finding that the flux changes are transient, with rates returning to those of the nonfibrillating preparations even though fibrillation continues, suggests that the permeability change is associated primarily with the initiation of the arrhythmia.
There is evidence that the mechanisms responsible for the increased K efflux during fibrillation and ACh alone are different. For example, the Qi 0 values differ by a factor of more than two. Also, the effects of ACh are not altered by large changes in the extracellular concentration of Na and K, whereas the changes induced by fibrillation are depressed by an increase in K or a decrease in Na concentration. It is possible that ACh affects a K transport system that is not rigidly coupled with Na exchange. On the other hand, K efflux accompanying the initiation of fibrillation appears to be more tightly coupled with Na influx. If we assume that fibrillation is the result of multiple pacemaker activity, this type of flux may be characteristic of nodal tissue. In order to test this hypothesis, a comparison of K transport in the sinus venosus and atria of the turtle heart is being carried out at the present time.
The concentration of ACh used in these experiments is much greater than that required for most effects of this drug. However, if physostigmine is used (10 6 M) smaller con-centrations of ACb are effective. Furthermore, it is well known that vagal stimulation can induce fibrillation or convert flutter to fibrillation. 6 These high concentrations may be necessary in order to maintain a sufficient amount of the agent at its site of action. SUMMABT Fibrillation induced in isolated rabbit atria by stimulation in the presence of acetylcholine is always accompanied by a transient increase in K efflux above a critical rate.
Fibrillation and its associated flux changes can be inhibited by a decrease in temperature, a decrease in extracellular Na concentration, an increase in extracellular K concentration and the presence of quinidine.
SUMMARIO IN INTERLINGUA
Fibrillation inducite in isolate atrios de conilio per stimulation in le presentia de acetylcholina es semper accompaniate de un augmento transiente del effluxo de K in excesso del grado critic.
Fibrillation e le alterationes de fluxo que es associate cou illo pote esser inhibite per le reduction del temperatura, le reduction del concentration extracellular de Na, le augmento del concentration extracellular de K, e le presentia de quinidina.
